Summary
The The discovery in 1973 that glutathione peroxidase (GSHPx) contained a stoichiometric quantity of selenium (Se) as an essential constituent provided a biochemical explanation for several phenomena caused by deficiency of this trace element (1, 2) . In fact, numerous studies of the biochemical function of Se have focused on its role as an antioxidant in animal tissues (3) or on the mechanism of its incorporation to the GSHPx molecule (4) . In recent years, however, several metabolic effects of Se not associated with GSHPx have been recognized (5) .
Olsson showed, in his first report, increased urinary excretion of ketone bodies (acetoacetate (AcAc) and 3-hydroxybutyrate (3-OHBA)) in starved Se-deficient rats and inferred impaired ketone body metabolism due to the Se deficiency (6) . Subsequently, he observed that excretion of other major urinary components (sodium, potassium, urea, ammonium, and creatinine) was also increased in starved Se-deficient rats, and he assumed that the increased ketone body excretion was not a ketone-specific change but a side effect of a more basic metabolic impairment (7) . Although these findings are not fully explained by the present knowledge of Se nutrition, no affirmative reexamination has been performed by other researchers, On the contrary, Wendel and Otter reported that no significant differences were found between Se-deficient and Se-adequate mice in urinary metabolite profiles, including 3-OHBA and nitrogen excretion (8).
In the present study, urinary excretion of ketone bodies, urea, and creatinine in starved Se-deficient rats was compared to that in Se-adequate rats in order to reevaluate the effect of Se deficiency on urinary ketone body excretion. The author verified that increased urinary ketone body excretion was caused by Se deficiency and that the increase was ketone-specific and occurred without increases of other urinary components. Plasma ketone body levels Table 4 shows plasma AcAc and 3-OHBA concentrations in the Se-adequate and Se-deficient rats with and without starvation. The markedly lower levels of plasma ketone bodies of both experimental groups without starvation than those with starvation were detected. Starvation caused a remarkable elevation of the plasma 3-OHBA level; levels were increased to more than ten times higher than the initial values by 48-h starvation. An obvious effect of Se status on plasma 3-OHBA was observed after 72h of starvation; levels of 3-OHBA in the Se-deficient rats were found to be elevated to significantly higher values than those in the Se-adequate rats. In contrast, plasma AcAc concentrations were not so dramatically increased by starvation and the effect of Se status on these levels was not significant.
MATERIALS AND METHODS

Animals
Plasma glucose and hepatic glycogen and hepatic glycogen content in rats. Plasma glucose levels were decreased by 24
or 48-h starvation, but were slightly restored in the 72-h starved rats. The Se status did not influence the change in plasma glucose levels, Hepatic glycogen content was dramatically decreased by starvation, irrespective of Se status.
Urea and creatinine excretion Table 6 shows the urine volume and urinary excretion of urea and creatinine in rats fed Se-adequate or Se-deficient diets for 11 or 22 weeks. Lowered urinary excretion of urea and creatinine, due to starvation, were observed. However, no significant differences in urine volume and urea and creatinine excretion were observed between the Se-adequate and Se-deficient rats on the 11th or the 22nd week. Similar results were also obtained on the 4th, 6th, and 15th week (data not shown). 
DISCUSSION
The author verified that increased urinary ketone body excretion undoubtedly occurred in starved Se-deficient rats, and the increase was observed even in rats fed the Se-deficient diet for only 4 or 6 weeks , in accordance with Olsson's first and second observations (6, 7) . In a preliminary experiment, weanling rats were fed the Torula yeast-based Se-deficient diet for 5 weeks, and their plasma and erythrocyte GSHPx activities were found to be lowered to 6% and 21% of values for Se-adequate controls, respectively. This indicates that a feeding period of 4 to 6 weeks is enough to make a low Se status monitored by GSHPx in rats; similar low Se status would occur in rats fed the Se-deficient diet for 4 weeks in the present study.
Olsson showed in his second report (7) that increases in urinary ketone bodies occurred with increases in urine volume and urinary excretion of urea and creat inine in Se-deficient rats; he inferred that the increase of urinary ketone bodies resulted from an impairment in filtration or reabsorption in the kidney . However, in the present experiment, the author observed that the Se status of the rats did not cause any changes in urine volume and urinary excretion of urea and creatinine , i rrespective of whether the rats had been starved . These present results indicate that the increase of urinary ketone bodies due to Se deficiency is a ketone-specific change. In Olsson's Se-deficient rats the activity of hepatic GSHPx was lowered to 3% of that in the Se-adequate controls, whereas hepatic GSHPx activity in the author's Se-deficient rats was 11% of that in the controls on the 22nd week; Se deficiency was more severe in Olsson's rats than the author's . The difference between the present results and Olsson's for urine volume and urinary urea and creatinine excretion may be associated with the difference in the extent of Se deficiency; a severe Se deficiency may cause changes in the major urinary profiles . However, even if changes in the major urinary profiles were caused by a more severe Se deficiency, the increased urinary ketone body excretion occurred at an early stage of Se deficiency and was independent of the increases in urine volume and urinary nitrogen excretion.
Three explanations can be proposed for the increased urinary ketone bodies in the starved Se-deficient rats: an impairment in the renal filtration or reabsorption of ketone bodies; a decrease in the utilization of ketone bodies in some tissues; and an acceleration of the synthesis of ketone bodies in the liver . As mentioned above, the first explanation is not consistent with the present results . The second explanation is also unsatisfactory because the activities of the two key enzymes in the utilization of ketone bodies in the kidney, heart, muscle , or liver were not affected by Se deficiency (20). Thus, by elimination of the others the third explanation remains: the increased urinary ketone bodies may be associated with the acceleration of hepatic ketone body synthesis.
There have been a few reports referring to an association of Se with energy URINARY   KETONE  BODIES  AND  SELENIUM  433 metabolism including the oxidation of glucose or fatty acids and gluconeogenesis. A recognition that the ferroactivator of phosphoenolpyruvate carboxykinase, of major importance in the gluconeogenic pathway, is identified with Se-dependent GSHPx (21) leads to the interesting possibility that Se has a physiological role in energy metabolism. However, the decrease of hepatic glycogen and the change in plasma glucose levels (Table 5) showed that the consumption of glucose followed by gluconeogenesis was similar in the Se-deficient and Se-adequate rats. It has recently been pointed out that Se is strongly associated with thyroid hormone metabolism; total plasma thyroid hormone activity was increased by Se deficiency for a period of 5 or 6 weeks in rats (22-24). Increased plasma thyroid hormone is thought to result in the increase of energy consumption, which leads to the acceleration of oxidation of fatty acids, including ketone body synthesis. Thus, it is likely that Se-deficiency causes the acceleration of ketone body synthesis, which leads to the increased urinary ketone body excretion. Urinary excretion of ketone bodies is linearly related to the blood content (25). However, in the present study, although 48-h starvation caused a markedly higher elevation of the urinary ketone body excretion in the Se-deficient rats than in the Se-adequate rats, a significant effect of Se status on plasma ketone body was barely observed after a 72-h starvation only in the 3-OHBA concentrations (Table 4 ). In addition, the increased amount of plasma ketone body was not enough to corre spond with the urinary increase. Olsson also reported that 48-h starvation did not cause a significant difference between Se-deficient and Se-adequate rats in blood, kidney, or liver ketone body concentrations (7) . This inconsistency between tissue and urinary ketone body levels cannot be fully explained only by the acceleration of hepatic ketone body synthesis. Thus further study is needed to clarify the mechanism for increase of urinary ketone body excretion in starved Se-deficient rats.
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